Abstract. DNA methylation occurs in the displacement loop (D-loop) region of mammals; however, D-loop regions of certain tumor tissue types were found to be de-methylated. Whether hypomethylation of the D-loop region is involved in the regulation of the mitochondrial DNA (mtDNA) copy number and nicotinamide adenine dinucleotide subunit 2 (ND-2) expressions in colorectal cancer has remained elusive. In the present study, the association between methylation status of the D-loop region, mtDNA copy number and ND-2 expression was investigated in 65 colorectal cancer specimens and their corresponding non-cancerous tissues. In addition, a de-methylation experiment was performed on the Caco-2 colorectal cancer cell line by using 5-aza-2'-deoxycytidine (5-Aza). The methylation rate of the D-loop region in all 65 colorectal cancer tissues was markedly reduced when compared with that of their corresponding non-cancerous tissues (13.8 vs. 81.5%; P<0.05). Furthermore, the methylation rate of the D-loop region in colorectal cancer tissues was markedly decreased in clinicopathological stages III and IV compared with that in clinicopathological stages I and II (7.1 and 0% vs. 25 and 16%; P<0.05). In addition, the mean relative mtDNA copy number and ND-2 expression in colorectal cancer tissues were increased compared with those in the corresponding non-cancerous tissues. De-methylation of the D-loop region was associated with an elevated mtDNA copy number and an increased ND-2 expression. Furthermore, the mtDNA copy number and ND-2 expression in Caco-2 cells were significantly increased after 5-Aza treatment. In conclusion, de-methylation of the D-loop region is likely to be involved in the regulation of the mtDNA copy number and ND-2 expression.
Introduction
Colorectal cancer is one of the most common malignancies and is a major health burden worldwide (1, 2) . During the past decade, most studies have focused on the roles of nuclear DNA alterations in colorectal cancer, while alterations in mitochondrial DNA (mtDNA) have received a lesser amount of attention. Human mtDNA is a 16,569-base circular double-stranded DNA molecule, which contains genes coding for 13 polypeptides involved in the respiratory chain, 22 transfer RNAs and 2 ribosomal RNAs that are critical for protein synthesis in mitochondria (3) . Replication of mtDNA as well as transcription and translation of mtDNA-coding genes are thought to be the major alterations of mtDNA.
Replication of mtDNA induces alterations in the mtDNA content, which is quantified by its copy number. The mtDNA copy number varies from hundreds to >10,000 per cell (4) . Previous studies have demonstrated that increased mtDNA copy number was closely associated with an increased mortality in advanced gastric cancer patients (5) . Furthermore, increased mtDNA content was shown to be associated with a decreased survival rate of patients with tumors (5, 6) . A previous study by our group demonstrated that the mtDNA copy number was increased in colorectal cancer, and that the mtDNA copy number in clinicopathological stages I and II was significantly higher than that in stages III and IV, which indicated that the mtDNA copy number has a crucial role during the initiation and progression of colorectal cancer (7) . Despite the involvement of changes in the mtDNA content in the tumorigenesis of numerous malignancies, the factors De-methylation of displacement loop of mitochondrial DNA is associated with increased mitochondrial copy number and nicotinamide adenine dinucleotide subunit 2 expression in colorectal cancer involved in the alterations of the mtDNA content in colorectal cancer have largely remained elusive. Alterations in gene transcription and translation may lead to functional deficiency of mitochondria by de-regulating their energy metabolism, leading to excessive generation of free radicals, which trigger programmed cell death (8) . Nicotinamide adenine dinucleotide (NADH) is a rate-limiting enzyme of oxidative phosphorylation, and nicotinamide adenine dinucleotide subunit 2 (ND-2) is encoded by mtDNA. Although a previous study by our group has revealed that the expression of ND-2 was increased in colorectal cancer (9) , further research is required to determine the accurate mechanism.
mtDNA contains a unique 1,124-bp non-coding region, which is known as the displacement loop (D-loop). It has been observed that DNA methylation occurs in the D-loop region of mammals; however, D-loop regions of certain tumor tissue types were found to be de-methylated (9) (10) (11) . Numerous studies have demonstrated that DNA hypomethylation is typically associated with gene activation. Furthermore, DNA hypomethylation also enhances DNA replication (12) . However, whether DNA hypomethylation of the D-loop region of mtDNA is involved in the regulation of the mtDNA copy number and ND-2 expression in colorectal cancer has remained elusive. In the present study, the correlation between the methylation status of the D-loop region, mtDNA copy number and ND-2 expression was investigated in 65 colorectal cancers and their corresponding non-cancerous tissues. In addition, a de-methylation experiment was performed on the Caco-2 colorectal cancer cell line by using 5-aza-2'-deoxycytidine (5-Aza).
Materials and methods

Patients and specimens.
Colorectal cancer tissues and their corresponding non-cancerous tissues were surgically resected from 30 colon-and 35 rectal cancer patients between November 2012 and January 2014 at West China Hospital, Sichuan University (Chengdu, China). This study was approved by the ethics committee of West China Hospital, Sichuan University (Chengdu, China). Informed consent was obtained from all patients. 36 of the patients were male and 25 were female (age, 35-70 years; mean age, 53.8±12.3 years). All specimens were immediately frozen in liquid nitrogen and stored at -80˚C for further DNA and protein analysis. Colorectal cancer tissues were resected from the edge of the tumors. In addition, their corresponding non-cancerous tissues at least 5 cm away from the tumors were also collected. The tumor, nodes and metastasis classification of malignant tumors (13) was applied to determine the clinicopathological stages of colorectal cancer by a senior pathologist.
Caco-2 cell culture and de-methylation experiment. The Caco-2 human colon adenocarcinoma cell line (Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China) was cultured and maintained in Dulbecco's modified Eagle's medium (HyClone, Logan, UT, USA) in the presence of 10% fetal bovine serum (FBS; HyClone) supplemented with 100 U penicillin and streptomycin (HyClone). Cells were cultured at 37˚C in a humidified atmosphere containing 5% CO 2 . Caco-2 cells were serum-starved with 0.5% FBS and then incubated with 5 mM 5-Aza (Sigma-Aldrich, St. Louis, MO, USA) for 24 h.
Methylation-specific polymerase chain reaction (MSP).
mtDNA was extracted from specimens and cells by using the Mito isolation kit (GenMed Scientifics, Shanghai, China) according to the manufacturer's instructions. Methylation of the D-loop region of mtDNA was determined by MSP using bisulfite-modified DNA, prepared using an EpiTect Bisulfite kit (Qiagen, Dusseldorf, German), as previously described (9) . Two primer sets were used to amplify the D-loop region of mtDNA that incorporated a number of CpG sites, one specific for the methylated sequence (D-loop-M forward, 5'-TGTTTCGGTTTTAGCGTTTC-3' and reverse, 5'-TACTACTCTCCTCGCTCCGA-3'); and the other for the unmethylated sequence (D-loop-U forward, 5'-GGGTGTTTTGGTTTTAGTGTTTT-3' and reverse, 5'-ATACTACTCTCCTCACTCCAAAC-3'). Primers were provided by Invitrogen Life Technologies, Carslbad, CA, USA). Universal methylated DNA (Qiagen) was used as a positive control and double-distilled H 2 O was served as a negative control. MSP assays were performed at least in duplicate.
Quantification of the mtDNA copy number. The relative mtDNA copy number was measured by real-time quantitative polymerase chain reaction (qPCR) as previously described (7). Briefly, two pairs of primers were employed, one primer pair was used for amplification of the mtDNA (forward, 5'-TACTCACCAGACGCCTCAACCG-3' and rever se, 5'-T TATCG GA ATG G GAG GTGAT TC-3'), and the other primer pair for the β-actin gene was run in parallel to standardize the input DNA (forward, 5'-CG G GA A ATCGTG CGTGACAT-3' a nd reverse, 5'-GAAGGAAGGCTGGAAGAGTG-3'). The qPCR amplification was performed by using a SYBR Green qPCR kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to manufacturer's instructions on an Eppendorf Mastercycler ep realplex (Eppendorf, Hamburg, Germany). For the standard curve, an ultraviolet spectrophotometer (GE Healthcare Life Sciences, Piscataway, NJ, USA) was applied to quantify the initial concentration of the amplification products of the mtDNA and β-actin. Subsequently, the amplification products were serially diluted with a two-fold dilution to generate a six-point standard. Each measurement was performed in triplicate and a non-template control was included in each experiment.
Western blot analysis of ND-2 protein.
Total protein was extracted from the tissues and cells by using a protein extraction kit (Nanjing Kaiji, Nanjing, China) following the manufacturer's instructions. After quantification by using the bicinchoninic acid assay (Nanjing Kaiji, Nanjing, China), 50 mg proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes, which were incubated with rabbit anti-human polyclonal antibodies against ND-2 (1:400; cat. no. ab102753; Abcam, Cambridge, MA, USA) and cytochrome C oxidase subunit IV (Cox IV; 1:400; cat. no. bs-10257R; Bioss, Beijing, China) at 4˚C overnight. The blots were washed and incubated with appropriate horseradish peroxidase-conjugated secondary antibodies (1:20,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and visualized with an enhanced chemiluminescence detection kit (Amersham Pharmacia, Uppsala, Sweden). The autoradiographs were scanned following exposure of the membranes to Kodak XAR film (Kodak, Rochester, NY, USA). Protein expression was determined using Quantity One software 4.5.0 (Bio-Rad Laboratories, Inc.), and the protein expression levels were normalized to Cox IV.
Statistical analysis. All data are expressed as the mean ± standard deviation and were analyzed using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Student's t-test was applied to compare differences in quantitative data. The χ 2 test was applied to analyze differences between methylation rates and clinicopathological stages. P<0.05 was considered to indicate a statistically significant difference between values.
Results
D-loop region is de-methylated in colorectal cancer.
The methylation status and methylation rate of the D-loop region in the patient tissue samples, determined by the MSP assay, are listed in Table I . The results showed that the methylation rate of the D-loop region in all 65 colorectal cancer tissues was markedly reduced compared with that in their corresponding non-cancerous tissues (13.8 vs. 81.5%; P<0.05). There was no significant correlation between the methylation rate of the D-loop region and the age or gender in colorectal cancer tissues and their corresponding non-cancerous tissues. However, the methylation rate of the D-loop region in the colorectal cancer tissues was markedly decreased in clinicopathological stages III and IV compared with stages I and II (7.1 and 0% vs. 25 and 16%; P<0.05). The methylation rate of the D-loop region in non-cancerous tissues was similar among the four clinicopathological stages (81.3, 79.2, 85.7 and 81.8%; P>0.05).
mtDNA copy number is increased in colorectal cancer. qPCR was employed to quantify of the copy number of mtDNA in colorectal cancer tissues and their corresponding non-cancerous tissues. The relative mtDNA copy number was increased in 61 (93.8%) colorectal cancer tissues when compared with that in their corresponding non-cancerous tissues (Fig. 1A) . In addition, the mean relative mtDNA copy number in colorectal cancer tissues was increased when compared with that in the corresponding non-cancerous tissues (127.2±34.3 vs. 78.7±17.3; P<0.05) (Fig. 1B) .
ND-2 expression is upregulated in colorectal cancer. ND-2 protein in colorectal cancer tissues and their corresponding non-cancerous tissues was quantified by western blot analysis. The relative ND-2 protein content was increased in 58 (89.2%) colorectal cancer tissues when compared with that in their corresponding non-cancerous tissues ( Fig. 2A) . In accordance with this result, the average relative ND-2 protein content of colorectal cancer tissues was also increased when compared with that in their corresponding non-cancerous tissues (1.97±0.68 vs. 1.03±0.39; P<0.05) (Fig. 2B) .
De-methylation of the D-loop region is associated with an
increased mtDNA copy number. In order to characterize the manner in which the mtDNA copy number was altered, the correlation between the relative mtDNA copy number and the methylation status of the D-loop region was investigated in all 65 colorectal cancer tissues and their corresponding non-cancerous tissues. Among the 130 tissue samples, 68 (52.3%) were unmethylated in the D-loop region, while 62 (47.7%) tissues were methylated in the D-loop region. Furthermore, the relative mtDNA copy number was markedly elevated in the tissues with an unmethylated D-loop region when compared with the tissues with a methylated D-loop region (128.8±29.7 vs. 76.4±14.6; P<0.05), as shown in Fig. 3A . Subsequently, the present study evaluated the Table I . Association between methylation rate of the D-loop region and clinicopathological parameters in 65 colorectal cancer cases. effect of de-methylation of the D-loop region in vitro. The MSP results confirmed that treatment with 5-Aza altered the D-loop region from a methylation to a de-methylation status (Fig. 3B) . Consequently, the relative mtDNA copy number was significantly increased in the 5-Aza-treated Caco-2 cells when compared with that measured in the vehicle-treated
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Caco-2 cells (90.2±13.1 vs. 115.4±19.8; P<0.05), as shown in Fig. 3C .
De-methylation of the D-loop region is associated with increased ND-2 expression.
The correlation between relative ND-2 expression and methylation status of the D-loop region 
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was also investigated. The ND-2 expression was significantly increased in tissues with an unmethylated D-loop region when compared to that in tissues with a methylated D-loop region (2.03±0.58 vs. 0.92±0.31; P<0.05) (Fig. 4A) . Furthermore, the ND-2 expression was conspicuously increased in 5-Aza-treated Caco-2 cells when compared with that in the vehicle-treated Caco-2 cells (1.00±0.23 vs. 1.72±0.43; P<0.05) ( Fig. 4B and C) .
Elevated mtDNA copy number is correlated with increased ND-2 expression.
The correlation between the mtDNA copy number and the relative ND-2 expression in colorectal cancer tissues and their corresponding non-cancerous tissues was investigated by using a general linear correlation model. A positive linear correlation between mtDNA copy number and relative ND-2 expression was observed (R=0.685, P<0.05) (Fig. 5) , which indicated that increased ND-2 expression was correlated with an elevated mtDNA copy number.
Discussion
Abnormal epigenetic alterations of several nuclear DNA-encoded oncogenes have been suggested to be involved in driving the tumorigenesis of colorectal cancer (14); however, little attention has been paid to the involvement of mtDNA alternation in the pathobiology of colorectal cancer. The present study demonstrated that de-methylation of the D-loop region elevated the mtDNA copy number and that the expression of ND-2 was concomitantly increased in colorectal cancer tissues; furthermore, an association of the methylation status of the D-loop region with the clinicopathological stage was established in colorectal cancer tissues. In addition, the de-methylation of the D-loop region was associated with an elevated mtDNA copy number and an increased ND-2 expression in tissue samples as well as in the in vitro cell experiment. The epigenetic modification of the D-loop region regulates the replication and the transcription of mtDNA (10, 15) . Methylation, one of the most important types of epigenetic modification, occurs at the CpG islands and is typically associated with gene silencing (12) . The present study manifested that the de-methylation rate of the D-loop region in colorectal cancer tissues was significantly higher than that in the corresponding non-cancerous tissues. Furthermore, the D-loop region was predominantly de-methylated in samples with clinicopathological stages I and II (25 and 16.7%, respectively), while it was largely or completely de-methylated in samples with clinicopathological stages III and IV (7.1 and 0%). The gradient of the de-methylation rate from clinicopathological stages I-IV suggested that the de-methylation of the D-loop region increases during the progression of colorectal cancer. These findings are consistent with the results of a previous study, which indicated that the de-methylation of the D-loop region is an early molecular event in the genesis of colorectal cancer (9) .
In post-mitotic cells, mtDNA replicates continuously, leading to an increases in the mtDNA copy number (16) ; however, the mechanisms of mtDNA replication have remained to be fully elucidated. The D-loop, a non-coding region of the mtDNA, is important for the regulation of mitochondrial genome replication and expression, as it contains the initial site of heavy-chain replication and the promoters for heavy-and light-chain transcription (17) . Mutation or epigenetic modifications in the D-loop region may affect mtDNA replication and change the expression pattern of mtDNA (10,15,18,19 ). The present study manifested that de-methylation of the D-loop 
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region was associated with an elevated mtDNA copy number and increased ND-2 expression in colorectal cancer tissues as well as in their corresponding non-cancerous tissues. Of note, the mtDNA copy number and ND-2 expression were significantly increased after 5-Aza treatment. These findings suggested that de-methylation of the D-loop region is an important factor that regulates mtDNA replication and ND-2 expression in colorectal cancer; however, the exact mechanism remains elusive. It has been gradually established that mtDNA maintenance protein mitochondrial transcription factor A (TFAM) regulates mtDNA levels (16, 20) . TFAM stimulates transcription and replication of mtDNA by binding to the D-loop region (21) . However, methylation of the CpG islands of the D-loop region inhibits transcription factor binding, consequently suppressing transcription and replication of mtDNA. In the present study, methylation of the D-loop region was observed in 13.8% of colorectal cancer tissues and 81.5% of their corresponding non-cancerous tissues. Furthermore, de-methylation of the D-loop region resulted in elevation of the mtDNA copy number and in induction of ND-2 expression in vitro. From these results, it can be presumed that de-methylation of the D-loop region facilitates TFAM binding and eventually promotes the replication and transcription of mtDNA. However, further study is required to verify this hypothesis.
Cancer cells require higher levels of energy than normal cells to sustain their rapid proliferation. The energy is mainly supplied by oxidative phosphorylation in the mitochondria (22, 23) . ND-2 is a subunit of NADH which is involved in oxidative phosphorylation. In the present study, upregulation of ND-2 was observed in colorectal cancer tissues compared with that in their corresponding non-cancerous tissues. Presumably, the increase of ND-2 gives rise to enhanced oxidative phosphorylation in colorectal cancer. In accord with this result, it was demonstrated by a recent study that circulating cancer cells exhibit enhanced mitochondrial biogenesis and respiration, as well as up-regulation of genes associated with oxidative phosphorylation (22) . Furthermore, the relative ND-2 expression was linearly correlated with the mtDNA copy number, which suggested that the elevated mtDNA copy number together with the de-methylation of the D-loop region may be involved in the up-regulation of ND-2 expression.
In conclusion, in colorectal cancer tissues, the de-methylation rate of the D-loop region, the mtDNA copy number and ND-2 expression were significantly higher than those in the corresponding non-cancerous tissues. De-methylation of the D-loop region may be involved in the regulation of the mtDNA copy number and ND-2 expression.
